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Introduction
The hydration of organonitriles is a relevant transformation in both academia and industry because the products of the reaction, i.e. primary amides, are versatile synthetic intermediates, as well as useful building blocks for the manufacture of pharmaceutical molecules and engineering polymers. 1 Conventional protocols for hydrating nitriles involve the use of highly acidic/basic media under harsh reaction conditions, methods that usually cause partial over-hydrolysis of the amides into the corresponding carboxylic acids and do not tolerate many key functional groups. 2 Nitrile hydratases (NHases), a family of biocatalysts comprising non-heme iron and non-corrinoid cobalt enzymes, have demonstrated great potential to promote the selective transformation of nitriles into amides under mild conditions. 3 Indeed, NHases are now being used for the large scale production of acrylamide, nicotinamide, 5-cyanovaleramide and the antiepileptic amide drug levetiracetam (marketed under the trade name Keppra ® ). 3, 4 However, from a synthetic point of view, the high cost and substrate specificity of the currently available enzymes severely limit their use. Given their greater substrate scope and easier handling, methods based on homogeneous or heterogeneous metal-catalysts -3 -represent more attractive and powerful alternatives. 5 In this context, remarkable results have been obtained in recent years using homogeneous ruthenium catalysts containing as auxiliary ligands pyridyl-phosphines, 6 aminoaryl-phosphines, 7 thiazolyl-phosphines, 8 1,3,5-triaza-7-phosphaadamantane (PTA) and related cage-like aminophosphines, 9 tris(dimethylamino)phosphine 10 or phosphinites (R 2 POH). 11, 12 The excellent activities were in most cases attributed to the activating effect that the heteroatoms present in the structures of these P-donor ligands exert on the water molecules by H-bonding or deprotonation. By this way, the key nucleophilic attack of water, or the hydroxide anion if deprotonation takes place, on the coordinated nitrile is favored ( Figure 1 ). Most of these "bifunctional catalysts" 13 Figure 2 ). To the best of our knowledge, no general rhodium-based catalysts able to operate in pure water under neutral conditions are currently known.
That is why, with the aim of filling this gap and on the basis of the previous findings with ruthenium complexes, 6-11 we decided to carry out a study on the behavior of a series of rhodium(I) derivatives [RhCl(COD)(PR 3 )], with potentially cooperative phosphine ligands, in this catalytic transformation. The results from this study are presented herein. Among the different phosphine ligands employed, aminophosphines of general composition P(NR 2 ) 3 were found to be particularly useful in the development of catalytic systems with high activity. 
Results and Discussion
Our research began with the preparation of a diverse family of square-planar
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(1) with two equivalents of the corresponding monodentate P-donor ligand (Scheme 1).
Thus, in addition to triphenylphosphine (2a) which was only included for comparative purposes, the following potentially cooperative phosphines were employed: the pyridylphosphines 2b-d, the cage-like water soluble ligands PTA (2e) and DAPTA (2f), the aminophosphines 2g-k, and the trihydrazinophosphaadamantane derivative 2l (THPA). (3m) in our study. This dinuclear species was synthesized in 95% yield through a known procedure formerly described by us (Scheme 2).
26,27
Scheme 2. Synthesis of the dinuclear Rh(I) complex [{RhCl(COD)} 2 (µ-THDP)] (3m).
The catalytic potential of the Rh(I) complexes 3a-m for nitrile hydration reactions was then investigated using benzonitrile (4a) (3f) proved to be almost inactive in the hydration process (entries 6 and 7). Table 2 . Hydration of Benzonitrile (4a) into Benzamide (5a) Catalyzed by the Rhodium(I) Complexes 1 and 3a-n in Water. Figure 3 ). Full evidence of the aromaticity of the pyrrole rings in 3k was gained through its computed electrostatic potential map (included along with that of 3j in the Supporting -10 -Information). In addition, we have also theoretically studied (DFT calculations) the relative basicity of the nitrogen atoms of the pyrrolidine/pyrrole fragments in complexes
Protonation of the pyrrolidine N atom in 3j was found to be favored by 37.12 kcal/mol with respect to that of the pyrrole moiety in 3k. This fact clearly indicates that the N atoms of P(N-pyrrolidinyl) 3 are much more basic than those of P(N-pyrrolyl) 3 , and therefore more prone to establish H-bonds with water (details are included in the Supporting Information). During this initial study, a striking result was found with complex
, which showed a much lower activity (24% GC-yield; entry 10) than that of its peers 3h,j,l,m (≥ 73% GC-yield; entries 9, 11, 13 and 14). We initially thought that this could be due to the larger size of the tris(diethylamino)phosphine ligand 2i. However, the differences between the cone angle 34 of P(NEt 2 ) 3 (2i; 174.0º) and those of P(NMe 2 ) 3 (2h; 167.9º), P(N-pyrrolidinyl) 3 (2j; 169.8º), THPA (2l; 165.0º) and THDP (2m; 165.9º), all calculated following the mathematical procedure recently described by Allen and co-workers from the DFToptimized structures of complexes 3h-j,l,m (included in the Supporting Information file), 35 seems to be not significant enough to explain the remarkably lower efficiency of were subjected to the action of 3h (5 mol%) in pure water (0.33 M solutions) at 100 ºC.
Selected results are collected in Table 3 .
-12 - atmosphere at 100 ºC using 1 mmol of 4a, 0.05 mmol of 3h (5 mol%) and 3 mL of water.
As observed for benzonitrile (4a), which was converted into benzamide (5a) in
94% GC-yield after 24 h of heating (entry 1), other aromatic nitriles 4b-h could be transformed into the corresponding primary amides 5b-h in high yields (≥ 79% GCyield) after 7-24 h (entries 2-8).
A slight influence of the electronic properties of the aryl rings was observed, with those substrates containing electron-donating groups showing in general a lower reactivity (e.g. entry 8 vs 6). Substitution in ortho position also resulted in a less efficient hydration (entry 3 vs 4). Remarkably, in no case traces of the corresponding benzoic acids were detected by GC in the crude reaction mixtures.
Complex [RhCl(COD){P(NMe 2 ) 3 }] (3h) was particularly effective with heteroaromatic nitriles (entries 9-17). In addition, for this particular class of substrates, marked differences in activity were observed depending on the relative position of the heteroatom and the C≡N unit. Thus, while 2-cyanopyridine (4i) and 4-cyanopyridine (4k) were almost quantitatively converted into picolinamide (5i) and isonicotinamide (5k), respectively, after only 2-3 h of heating (entries 9 and 11), a much longer reaction time (24 h) was needed to generate nicotinamide (5j) from 3-cyanopyridine (4j) in high yield (entry 10). Resonance effects could be responsible for the different reactivity observed since in 4j the nitrile carbon has a reduced electrophilicity (negative charges always located on the carbon atoms of the py ring vs N atoms in the case of 4i and 4k), and therefore the nucleophilic addition of water at this position is disfavored.
-13 - Extremely fast reactions were also observed with 2-pyrimidinecarbonitrile (4l) and pyrazinecarbonitrile (4m) (entries 12 and 13). In particular, hydration of 4m allowed the isolation of pure pyrazinamide (5m), a drug used to treat tuberculosis, 39 in 82% yield.
Also worthy of note is that, similarly to the case of cyanopyridines, a much higher reactivity was observed with 2-thiophenecarbonitrile (4n) (Figure 2 ). 19 Indeed, in our knowledge, such behaviour has not precedents with any homogeneous catalyst. 40 Only heterogeneous systems, such as Au/TiO 2 , CeO 2 or Ni 0.7 Mn 0.3 O, have shown a comparatively higher effectiveness with heteroaromatic nitriles. 41 The preferred anchoring of the substrates to the catalysts surface through the heterocyclic ring, instead of the nitrile function, was in these cases proposed to explain the differences in activity observed. This raised the possibility that rhodium nanoparticles could be the real catalytically active species in our hydration reactions, a fact that was ruled out performing the catalytic experiments in the presence of elemental mercury. 42a No major differences in activity were observed when some drops of Hg (0) were added to the reaction media (see entries 25 and 26 in Table 3 ). 42b The enhanced reactivity of [RhCl(COD){P(NMe 2 ) 3 }] (3h) towards heteroaromatic substrates must therefore be related to the electronic nature of these nitriles, the strong activating effect of the heterocycles being probably responsible of the differences in reactivity found. However, we can not totally discard that the participation of the heteroatom in an extended Hbonded network with the water molecules can also be facilitating the nucleophilic addition of water to the C≡N bond.
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The hydration of aliphatic nitriles was also examined with complex 3h. Very poor conversions were obtained with heptanenitrile (4r) and acetonitrile (4s) after 24 h (entries 19 and 20 in Table 3 ). The low activity is probably due to the increased electron density of the nitrile carbon atom in these substrates, which make the nucleophilic attack of water less favourable than in the preceding cases. However, the introduction of heteroatoms in β-position with respect to the C≡N unit resulted beneficial and the hydration processes proceeded in these cases to completion. Thus, chloroacetonitrile (4t), trichloroacetonitrile (4u), phenoxyacetonitrile (4v) and methoxyacetonitrile (4w) were converted to the corresponding primary amides 5r-s in ≥ 95% GC-yield after 1-24 h of reaction (entries [20] [21] [22] [23] . 43 This may be again understood in terms of the enhancement of the electrophilicity of the nitrile carbon atom by the substituents. The higher inductive effects of the chlorine atoms and the phenoxy group vs the methoxy group are fully consistent with the reaction times observed. 44 For trichloroacetonitrile (4u) a significant TOF value of 38.8 h -1 could be attained (entry 23). A good result was also obtained with 2-thienylacetonitrile (4x) (98% conversion after 7 h; entry 24).
The subtle sensitivity of [RhCl(COD){P(NMe 2 ) 3 }] (3h) to the electronic characteristics of the nitrile substituents was clearly evidenced in the reaction of the dinitrile 4y, which could be selectively transformed into the monoamide 5y, in which the less activated nitrile group remains intact (Scheme 3). It should also be noted that, although the catalytic activity shown by complex (3 mL) , and the rhodium complex 3h (0.02 g, 0.05 mmol) were introduced into a Teflon-capped sealed tube, and the reaction mixture was stirred at 100 °C for the indicated time (see Table 3 and Schemes 3-4). The course of the reaction was monitored by regularly taking samples of ca. 20 μL, which, after extraction with CH 2 Cl 2 (3 mL), were analyzed by GC. Once the reaction is completed, two different procedures were applied to isolate the primary amide product depending on its solubility. For amides which partially precipitate in the reaction medium, they were extracted with EtOAc (3 x 3 mL), the combined organic extracts dried over anhydrous MgSO 4 , filtered and evaporated to dryness. The crude product was then purified by flash chromatography over silica gel using diethyl ether as the eluent. For those amides that do not precipitate, isolation was carried out as follows: After elimination of the water solvent under reduced pressure, the crude reaction mixture was pulverized in diethyl ether and the resulting solid filtered, washed and dried in vacuo. In some cases additional purification by column chromatography was required (silica gel with CH 2 Cl 2 as the eluent). The identity of the amide products was assessed by comparison of their NMR spectroscopic data with those reported in the literature (copies of the spectra of all the amides are included in the Supporting Information).
Supporting Information Available: Details on DFT and cone angles calculations, copies of the NMR spectra of the new Rh(I) complexes and all the amides synthesized in this work. This material is available free of charge via the Internet at http://pubs.acs.org.
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